Abstract: Glass waste used in mortars or concretes behaves similar to cement, with resulting environmental benefits. In this light, the behavior of glass powder of various particle sizes has been analyzed as a cement replacement in mortars, in an attempt to minimize the loss of strength and durability, and maximize the amount of materials replaced. The dry density, water accessible porosity, water absorption by immersion, capillary absorption coefficient, ultrasonic pulse velocity and both compressive and flexural strengths were studied in the mortars. Furthermore, a statistical analysis of the obtained results and a greenhouse gases assessment were also performed. In view of the results obtained, glass powder of 38 microns allows up to 30% of the cement to be replaced, due to the filler effect combined with its pozzolanic activity. Moreover, it has been observed that glass powder size is one of the factors with the greatest influence among the properties of porosity, absorption and capillarity. On the other hand, in the mechanical properties, this factor does not contribute significantly more than the amount of glass powder. Finally, the greenhouse gasses analysis shows that the incorporation of glass powder reduces the CO 2 emissions associated with mortar up to 29.47%.
Introduction
The first manufactured glass was found in ancient Mesopotamia [1] and its production has boosted since then to reach massive capacities, which inevitably entails major waste rates. In spite of the lack of information; in 2012 it was estimated that a high-income country produces 602 million tons of solid waste per year, 7% of which is glass [2] . The main concern of waste glass production is the use of landfill, which is at odds with its properties that make it optimal for recycling [3] .
Recycling rates vary according to country. The US recycles just 26% of the 11.48 millions of tons of waste glass produced, while 61.3% ends up in landfills [4] . By contrast, the EU28 reached 74%, the highest recycling rate in 2016, with peaks over 95% in Sweden, Belgium, the Netherlands, and Denmark [5] . There is an imminent need to find a way to reduce the amount of glass waste in those countries where it is still not managed, and it has been proven that high levels of glass recycling can be achieved.
On the other hand, the cement industry is one of the major industrial CO 2 emitters [1] , directly due to limestone thermal treatments and indirectly due to kiln heating, which releases CO 2 through Table 1 presents a chemical analysis of the pozzolanic cement used in this study. This cement is type P according to standard ASTM C 595. 
Waste Glass
The typical soda water lime glass used in this study is obtained from clear glass bottles. Its chemical composition can be observed in Table 1 . The GP is obtained with a process of crushing and dry grinding, followed by a process where the particles are separated according to the size required, in this case glass particle sizes of 75 µm, 45 µm and 38 µm.
Mix Proportion
The proportions of the mortar mixture for 0.003 m 3 are provided in Table 2 . In order to analyze the influence of different types of waste and maximum particle sizes, 13 mortar mixtures were prepared. They were prepared with a water to cement ratio of 0.6 and cement to sand ratio of 1:3. The cement replacements for GP of 10%, 20%, and 30% in weight and three maximum sizes of GP equal to 75 µm, 45 µm, and 38 µm were analyzed.
Regarding the curing of the specimens, all of them were stored in a humidity chamber, where the temperature was 20 • C and the relative humidity (RH) was 95%, during the first 24 h after setting. Once that period finished, the specimens were de-moulded and kept immersed in water in optimum laboratory conditions (20 • C and 100% RH), up to the corresponding testing age.
Testing Methods

Microstructure Characterization of the Glass Powder
In order to characterize the glass powder studied in this research, scanning electron microscopy (SEM) images were obtained and energy dispersive spectroscopy (EDS) analysis were performed, both using a FESEM microscopy model ZEISS SUPRA 40. In addition to this, the glass powder was also characterized with a X-ray diffractometer (XRD) model Rigaku RINT 1400, using monochromatic Cu Kα radiation at 50 kV and 80 mA, with an angular speed 2 • /min and step 0.02 • for the 2θrange 4 • -60 • .
Consistency
The fluidity of the mortar was set according to Spanish Association for Standardization and Certification standard UNE-EN1015-3 [28] . The flow was measured with a mini slump cone, whose internal diameter was 100 mm, on a 250 mm flow table disc. The procedure was as follows: the mould was first filled with fresh mortar, and then it was raised vertically to extend the mortar on the disc, shaking the flow table 15 times at a constant rate. Two perpendicular diameters of the mortar were then measured and recorded.
Dry Density
The dry density (ρ d ) was obtained following the standard UNE-EN 1015-10 [29] , for which 3 cylindrical samples 100 mm in diameter and 50 mm high were used. This was carried out at 28 and 90 days of curing. First, the samples were dried for a minimum of 24 h in a furnace at 105 • C and the dry weight was measured (A). Then, they were placed in water for 24 h and the saturated weight was measured (B). Finally, the weight of the sample suspended in water was measured and the submerged weight was obtained (C). The dry density was calculated using the formula given by Equation (1) .
where γ is the density of the water equal to 1 g/cm 3 .
Water-Accessible Porosity
Water-accessible porosity (P a ) was calculated according to standard UNE-EN 1015-18 [30] (based on information of the dry density using the ratio established in Equation (2) .
Water Absorption by Immersion
The water absorption by immersion, Abs (%), was calculated according to standard UNE-EN 1015-18 [30] from the dry density data, applying the formula given in Equation (3) .
Capillary Absorption Test
In terms of water absorption rate, it was calculated in accordance with ASTM C1585 [31] . To perform the test, three cylindrical samples 100 mm in diameter and 50 mm high were used, and the increase in the mass due to water absorption, as a function of time was monitored.
The initial water absorption rate (cm/s 1/2 ) was obtained from the slope between the periods between 1 min and 6 h, i.e., from the absorption-square root of the time chart. On the other hand, the capillary absorption coefficient (K) was obtained from Equation (4) .
where K is the capillarity coefficient (cm/s 1/2 ); Q is the amount of water absorbed (cm 3 ); A the surface area exposed to the water (cm 2 ) and t the time (s).
Compressive and Flexural Strength
Complying with UNE-EN 196-1 standard [32] , three different prism specimens measuring 4 cm × 4 cm × 16 cm were tested for each series at 7, 14, 28 and 90 curing days, from which the compressive and flexural strengths were obtained.
Ultrasonic Pulse Velocity (UPV) Test
The aim of the ultrasonic pulse velocity (UPV) method is to verify the homogeneity of the material, the presence of cracks or hollows, possible changes in the properties with curing age and to get information about the physical and dynamic properties of the mortars. The UPV test determines the propagation velocity of a sound wave in a certain material; detecting the time it takes a wave to cross a certain thickness. For this method, the tests were conducted on 3 cylindrical test tubes 100 mm in diameter and 50 mm high according to ASTM C597-02 [33] using an UPV testing instrument model Controls 58-E4800. The time for an ultrasonic pulse to move across the specimen was measured with a precision of 0.1 µs, with 54 kHz transducers located at the center of the opposite side of each specimen. To determine the statistical significance of the variables with respect to the changes in the mechanical properties and durability of the samples, an analysis of variance (Factorial ANOVA) was performed, using the statistical environment R for each property analyzed. The level of significance used was 5%, i.e., a 95% probability that the effect is significant.
The factors of each model (independent variables) were: percentage of glass (%GP, 3 levels) and the particle size of the glass (GP Size, 3 levels) plus the corresponding interactions. The dependent or design variable was the property studied in each case.
The percentage share of each factor in the value of each property was estimated with the sum of squared differences (Sum Sq) of each factor with respect to the total of Sum Sq variations [34] . The correlation was obtained from this, as this is the ratio between the sum of all the variations of the factors of the model and total variation of the model [34] .
Greenhouse Gases (GHG) Analysis
To analyze the CO 2 values associated with the production of GP of different particle sizes, the equations used are those proposed by Shuhua Liu et al. [35] , who developed models to determine the glass particle size corresponding to the 25th, 50th, 75th and 90th percentiles of the particle size, respectively, depending on the grinding time. From these, Equation (5) (which presents R 2 = 0.988) is used inversely to calculate the approximate grinding time taken to obtain particles of the size used in this study.
where D 90 is the size (µm) of the opening of the sieve, through which 90% of the sample mass passes, and t is the grinding time in minutes. Inversion is proposed to obtain the ratio showed in Equation (6). 
According to the life cycle analysis of the glass cast by British Glass, the electricity consumption in the process of grinding and segregating the glass is from 3 to 15 kWh per ton [36] . In order to determine the influence of CO 2 emissions on electricity production, a comparison was made between the amount of CO 2 per ton of GP cast by three different countries depending on their emissions per kWh (kgCO 2 /kWh) registered by the OECD tool "Compare your Country" [36] . For cement, the CO 2 emission recorded in the ICE Database is considered [37] . For the cement, it was considered a factor of 0.83 kgCO 2 /kg and an embodied energy of 4.6 MJ/Kg (1277 kWh/ton) [38] . On the other hand, for the sand, a factor 0.014 kgCO 2 /kg was considered [38] , while its embodied energy was not taken into account, because the sand has not been compared to other materials. With regard to the GP, an estimate was made of the energy consumption of the grinding machine model Gilson Testing Screen TS-1F and the average CO 2 emissions provided by the OECD [37] per kWh associated with the generation of electricity (0.432 kg CO 2 /KWh). In terms of the GHG and energy consumption, the contribution of GP is negligible compared to the cement.
To gain better insight into how much more sustainable the proposed raw materials are compared to the conventional ones, the SUB-RAW Index [39] was analyzed, defined in Equation (7) SUB − RAW index = [log(EE raw ) − log(EE sub ) + log(CF raw ) − log(CF sub )]/2 (7) where: EE raw represents the embodied energy of the original material (MJ/kg); EE sub represents the embodied energy of the proposed material (MJ/kg); CF raw represents the CO 2 emissions of the original material (kg/kg); CF sub represents the CO 2 emissions of the proposed material (kg/kg). For the abovementioned index, which can take values between −9 and 9, the more positive indicates greater sustainability (in relative terms) than the compared material. 
Results and Discussion
Characterization of the Glass Powder
The waste glass was obtained from municipal recycling containers. The mineralogical study of the dry GP was carried out using X-ray diffraction (XRD), as has been explained in Section 2.3.1. From the images obtained from the diffraction patterns of the XRD analysis of the GP (Figure 1 ), no peaks attributable to any crystallized compound were observed, except for a wide diffraction halo between 20 and 30, corresponding to the vitreous phase, which is consistent with previously conducted studies [40] . The results of the scanning electron microscopy (SEM) and the energy dispersive spectroscopy (EDS) are depicted in Figures 2 and 3 , respectively. The SEM micrographs showed that most of the GP particles are angular and shredded.
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Characterization of the Glass Powder
The waste glass was obtained from municipal recycling containers. The mineralogical study of the dry GP was carried out using X-ray diffraction (XRD), as has been explained in Section 2.3.1. From the images obtained from the diffraction patterns of the XRD analysis of the GP (Figure 1 ), no peaks attributable to any crystallized compound were observed, except for a wide diffraction halo between 20 and 30, corresponding to the vitreous phase, which is consistent with previously conducted studies [40] . The results of the scanning electron microscopy (SEM) and the energy dispersive spectroscopy (EDS) are depicted in Figure 2 and Figure 3 , respectively. The SEM micrographs showed that most of the GP particles are angular and shredded. 
Consistency
The consistency values are presented in Table 2 . As observed, the mortar consistency was affected first by the GP particle size and then by the percentage of cement replacement. According to Lu et al. [26] , in order to analyze the consistency of mortars with GP as a cement replacement, two characteristics of GP must be considered. The first one is the non-hydrophilic and smooth character of the GP surface. The other characteristic is the irregular and angular shape of waste GP. The former could cause in the effective water to cement (w/c) ratio to increase, which would improve the fluidity of the fresh mortar. By contrast, as a result of the sharp edge and the high aspect ratio, the incorporation of waste GP might impede the movement of the mortar.
When 75 μm particles are used, a more noticeable reduction in consistency is observed, which increases with the rise in the percentage of GP. This is produced principally to the greater particle size and the irregular shape of the GP. According to Lu et al. [26] , the sharper edge and the more angular shape of the GP particles reduce the fluidity of the cement mortars and concretes.
On the other hand, when the particle size is reduced, the consistency of the mortar increases to values even greater than those of the control mortar, likely because the finest particles are able to reduce the friction due to the irregular shape [26] and because the non-absorbent surface of the GP could compensate for the loss of viability due to the abovementioned irregular shape [26] . Figure 4 shows the values of the density, absorption and open porosity observed at 28 days. The error bars of the abovementioned figure represent the standard deviation for each mortar result.
Dry Density, Water Absorption and Open Porosity
At 28 days, the densities of the mortars with GP are lower than the control mortar, due mainly to the lower density of the GP compared to the Portland cement to which it is replacing. Therefore, as the GP replacement percentage increases, the density of the mortar falls. However, the density increases slightly with the decrease in the maximum size of the GP, due mainly to the filler effect of the finer particles that make it possible to fill the empty spaces within the mortar matrix. The small GP particles produce a high packing density of the cement paste structure, which causes a reduction in porosity and absorption [40] .
In addition to this, the absorption and porosity results show a decreasing tendency, as the particle size and the replacing percentage are reduced-which could be justified in relation to the 
Consistency
When 75 µm particles are used, a more noticeable reduction in consistency is observed, which increases with the rise in the percentage of GP. This is produced principally to the greater particle size and the irregular shape of the GP. According to Lu et al. [26] , the sharper edge and the more angular shape of the GP particles reduce the fluidity of the cement mortars and concretes.
On the other hand, when the particle size is reduced, the consistency of the mortar increases to values even greater than those of the control mortar, likely because the finest particles are able to reduce the friction due to the irregular shape [26] and because the non-absorbent surface of the GP could compensate for the loss of viability due to the abovementioned irregular shape [26] . Figure 4 shows the values of the density, absorption and open porosity observed at 28 days. The error bars of the abovementioned figure represent the standard deviation for each mortar result. Figure 5 presents the values of the coefficients of capillarity at 28 days of curing. In that figure, the error bars represent the standard deviation for each mortar result. From the charts, it is noted that the capillarity of all the series is generally greater than the control sample. This would show a lower difficulty to water ingress in the series with glass powder compared to the control ones. In view of the results obtained, it has been noted that a rising tendency of the water absorption as the particle size and the replacing percentage increase. This could be related to the granulometric distribution of the GP used, because in the cases of 75 μm and 45 μm GP particles, they probably replaced cement percentages with a smaller average particle size. The increase of the water absorption by capillarityas the replacing percentages of cement by GP rise, tends to be stabilized for the series with a particle size smaller than 38 μm, showing capillarity values closest to the control mortar. This is due mainly to the finest particles physically filling the capillary pores, producing a more refined pore network, which would reduce the capillary absorption [23] . At 28 days, the densities of the mortars with GP are lower than the control mortar, due mainly to the lower density of the GP compared to the Portland cement to which it is replacing. Therefore, as the GP replacement percentage increases, the density of the mortar falls. However, the density increases slightly with the decrease in the maximum size of the GP, due mainly to the filler effect of the finer particles that make it possible to fill the empty spaces within the mortar matrix. The small GP particles produce a high packing density of the cement paste structure, which causes a reduction in porosity and absorption [40] .
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Water Absorption by Capillarity
In addition to this, the absorption and porosity results show a decreasing tendency, as the particle size and the replacing percentage are reduced-which could be justified in relation to the size of GP particles used. In the case of 75 µm, these GP particles probably replaced cement percentages with a smaller average particle sizes, producing a less compact matrix with higher porosity and therefore leading to a pore network which allows higher absorption. On the other hand, when GP particles of 45 microns or less are used, mortars can be obtained with absorptions and porosities similar to or lower than the control mortar. Figure 5 presents the values of the coefficients of capillarity at 28 days of curing. In that figure, the error bars represent the standard deviation for each mortar result. From the charts, it is noted that the capillarity of all the series is generally greater than the control sample. This would show a lower difficulty to water ingress in the series with glass powder compared to the control ones. In view of the results obtained, it has been noted that a rising tendency of the water absorption as the particle size and the replacing percentage increase. This could be related to the granulometric distribution of the GP used, because in the cases of 75 µm and 45 µm GP particles, they probably replaced cement percentages with a smaller average particle size. The increase of the water absorption by capillarity-as the replacing percentages of cement by GP rise, tends to be stabilized for the series with a particle size smaller than 38 µm, showing capillarity values closest to the control mortar. This is due mainly to the finest particles physically filling the capillary pores, producing a more refined pore network, which would reduce the capillary absorption [23] . percentages with a smaller average particle size. The increase of the water absorption by capillarityas the replacing percentages of cement by GP rise, tends to be stabilized for the series with a particle size smaller than 38 μm, showing capillarity values closest to the control mortar. This is due mainly to the finest particles physically filling the capillary pores, producing a more refined pore network, which would reduce the capillary absorption [23] . 
Compressive and Flexural Strength
The results of the compressive strengths appear in Figure 6a , in which the error bars represent the standard deviation for each mortar result. As may be noted, the strengths of the series are affected by the GP particle size, with greater strength being observed in the mortars with finer GP particles. This is mainly due to the combined effect of the physical and pozzolanic properties of GP particles smaller than 45 µm. First, the finest GP particles can fill the gap left by other components, lessening the pore volume in the hardened matrix. On the other hand, the reaction between the amorphous compounds, like alumina and silica, with portlandite produces silicate/aluminate hydrates similar to those produced as a result of cement hydration, which is known as the pozzolanic effect [41] .
These results agree with those reported by Idir et al. [42] , where greater strengths were observed for the lowest size particles, with values that sometimes exceed the reference ones without glass, independently of the percentage of replacement used. Lu et al. [26] conclude that GP particle size is an important factor responsible for the increase in pozzolanic reactivity. For their part, Kim et al. [40] comment that smaller particles, given their greater contact surface, can increase the pozzolanic reactions because this is proportional to the amount of surface available for the reaction.
It is observed that, at seven days of curing, all the series present lower compressive strengths than that of the control mortar. As the curing days increase, these differences decrease, which reveals the delayed pozzolanic reactivity of GP [13] . Lu et al. [43] suggest that the reactivity of GP can compete with traditional pozzolana after extended curing.
The flexural strength (Figure 6b ) shows a behavior influenced by the maximum size of GP particles. Mortars with GP particle sizes of 45 and 38 microns exhibit behaviors similar to the control mortar for percentages up to 20%. However, the mortars with particle sizes of 75 microns only behave similarly to the control mortar for percentages up to 10%. the standard deviation for each mortar result. As may be noted, the strengths of the series are affected by the GP particle size, with greater strength being observed in the mortars with finer GP particles. This is mainly due to the combined effect of the physical and pozzolanic properties of GP particles smaller than 45 μm. First, the finest GP particles can fill the gap left by other components, lessening the pore volume in the hardened matrix. On the other hand, the reaction between the amorphous compounds, like alumina and silica, with portlandite produces silicate/aluminate hydrates similar to those produced as a result of cement hydration, which is known as the pozzolanic effect [41] .
(a) (b) These results agree with those reported by Idir et al. [42] , where greater strengths were observed for the lowest size particles, with values that sometimes exceed the reference ones without glass, independently of the percentage of replacement used. Lu et al. [26] conclude that GP particle size is an important factor responsible for the increase in pozzolanic reactivity. For their part, Kim et al. [40] comment that smaller particles, given their greater contact surface, can increase the pozzolanic reactions because this is proportional to the amount of surface available for the reaction.
The flexural strength (Figure 6b ) shows a behavior influenced by the maximum size of GP particles. Mortars with GP particle sizes of 45 and 38 microns exhibit behaviors similar to the control mortar for percentages up to 20%. However, the mortars with particle sizes of 75 microns only behave similarly to the control mortar for percentages up to 10%. 
Ultrasonic Pulse Velocity
The UPV values for the mortar samples at 28 days of curing are shown in Figure 7 .
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Statistical Analysis
Flexural strength and durability properties were tested on three samples from each mortar, while compressive strength was tested on six samples from each mortar. The coefficient of variation of the mortar results are shown in Table 3 for mechanical properties, while Table 4 shows the Generally, the UPV values obtained for all the samples are very close, slightly lower than those of the control mortar, with values similar to those found by Wang et al. [27] . Most of the samples are catalogued with medium quality according to the ASTM C597-02 criteria, with the exception of series GP 75-30 and GP45-10. Nevertheless, these series are very close to the lower limit of this category of 3000 m/s.
Flexural strength and durability properties were tested on three samples from each mortar, while compressive strength was tested on six samples from each mortar. The coefficient of variation of the mortar results are shown in Table 3 for mechanical properties, while Table 4 The statistical analyses are summarized in Tables 5 and 6 for 28 days and 90 days, respectively. In the case of compressive and flexural strengths, generally an increase in the R 2 value can be seen for the ANOVA models at 90 days of setting (Table 6 ) compared to 28 days (Table 5) , which is reflected in a stabilization of the models due to variation reduction associated with the residual value. This is accompanied by a general increase in the number of factors, whose influence is statistically significant compared to at 28 days. It is possible to observe that the contribution of the factor GP Size is high for the compressive strength values at 90 days (32%), with both values being of high statistical significance (P near zero). However, for this same property, the factor % GP proved to have more participation than that found for mortar samples in previous studies [44] .
The flexural strength was mainly affected by the interaction between the percentage of GP for both setting periods (45% and 44% participation, respectively), with P values near zero.
For porosity and absorption, the factor that participated most at 28 days was the percentage of GP. The results of the analysis for density and ultrasound were not statistically significant at 28 days of curing.
Further, some correlation between the studied properties can be noted. Table 7 shows the correlation between mechanical properties at 28 and 90 days and durability properties. From Table 7 , inverse correlations between porosity (at 28 and 90 days) and mechanical properties can be noted, where the strongest inverse correlation corresponds to porosity at early ages and flexural and compressive strength at 90 days. The same phenomenon can be seen in the correlation between absorption (both ages) and mechanical properties. In other words, a lower absorption capacity and porosity is related with higher flexural and compressive strength.
Greenhouse Gas (GHG) Assessment
Norway, South Africa, and Chile were chosen for comparison with the OECD average (0.432 kg CO 2 /kWh); the first for having the lowest CO 2 emission per kWh (0.008 CO 2 /kWh), the second for having the highest CO 2 emissions per kWh (0.926 CO 2 /kWh), and Chile as the object of study in the context of this investigation (0.482 CO 2 /kWh). A consumption of 15 kWh per ton of GP is considered [36] .
Despite the variation in GP-related CO 2 emissions depending on which factor of CO 2 emissions per kWh is used, this does not really affect the results. Using the OECD average of CO 2 emissions by electrical consumption, the results in Figure 8 are obtained. The CO 2 associated with GP grinding is very small compared to the CO 2 associated with the cement that is replaced (see Table 8 ). The GP part is only between 0.2% (for GP 75-10) and 0.9% (for GP 38-30) of the 228.13 kg CO 2 /ton associated with the control sample. The greatest reduction occurs for the GP75-30 sample (29.47%).
Despite the variation in GP-related CO2 emissions depending on which factor of CO2 emissions per kWh is used, this does not really affect the results. Using the OECD average of CO2 emissions by electrical consumption, the results in Figure 8 are obtained. The CO2 associated with GP grinding is very small compared to the CO2 associated with the cement that is replaced (see Table 8 ). The GP part is only between 0.2% (for GP 75-10) and 0.9% (for GP 38-30) of the 228.13 kg CO2/ton associated with the control sample. The greatest reduction occurs for the GP75-30 sample (29.47%). It is deduced in view of the SUB-RAW index ( Table 9 ) that the GP is much more sustainable compared to cement, and following the Botempi's interpretation regarding this index, it may be stated that EE and CF of GP are less than that of the cement up to 2.84 orders of magnitude, depending on the country where it is produced. 
Conclusions
The main conclusions to be drawn from the analyzed results can be summarized as follows:
• The use of GP particles with a maximum size of 38 microns make it possible to increase the cement replacements up to 30%, • GP size is one of the factors with the greatest influence among the properties of porosity, absorption and capillarity. However, in the mechanical properties, this factor does not contribute significantly more than the amount of GP.
•
The CO 2 associated with GP grinding is negligible in comparison to that associated with cement, even when using the highest CO 2 rate per KWh within the OECD.
The statistical analysis supports the validity of the results obtained in the majority of the tests performed. The increase of R 2 values in the mechanical properties for greater curing days is accompanied by a general increase in the number of factors whose influence is statistically significant at 90 days in respect to 28 days. Funding: Part of this research was funded by the Universidad de La Frontera (Chile) through the DIUFRO Project DI17-0013 ("Analisis del efecto de la trituración en el comportamiento del polvo de vidrio como reemplazo de cemento").
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